showed their potential to analyze the joint effect of multiple variables and to consider 1 0 8 their interactions. For a recent review of how machine learning can contribute to 1 0 9 comprehensive, inexpensive, and accurate diagnostics, see 15 .
The study described in this article is the first of its kind to simultaneously increase 1 1 1 protein resolution while at the same time addressing multiple complex genetic 1 1 2 interactions. We first constructed explanatory variables (features) to train our machine 1 1 3 learning model to predict cases of RM. This process of constructing relevant features 1 1 4 is denominated "feature engineering". To our knowledge, our approach is the first of 1 1 5 its kind in two aspects concerning feature engineering. First, we expressed the degree 1 1 6 of allele sharing between paternal-maternal genes in a continuous, instead of binary, 1 1 7 manner. Second, in the context of genetic associations, we used linear algebra 1 1 8 methods to numerically represent HLA proteins by using peptide binding affinity data. The engineered features were used as the input of machine learning algorithms. Our 1 2 0 method has several additional advantages over existing methods, specifically the fact 1 2 1 that it is able to go beyond finding relevant predictors at the population level and is, to 1 2 2 our knowledge, the first one able to predict probabilities on a case-by-case basis. The The classifier achieved an AUC = 0.71 (p = 0.0035). The AUC is a measure of the 1 2 9 predictive power of the classifier, being AUC = 1 a perfect classifier and 0.5 a random 1 3 0 classifier. The accuracy of the model was 0.67 (p = 0.0045). Accurately identifying the group a potential gamete pair belongs to could reduce 1 3 4 the risk of RM in a gamete donation program. To this end, we calculated the specificity 1 3 5 and sensitivity of the classifier (Figure 1 ). We can observe that it is possible to achieve interaction has been reported to be relevant at the population level for spontaneous 1 4 5 abortion 16 . In addition, the comparison is extended to the AUC of the feature that, 1 4 6 alone, obtained the highest AUC value. Incorporating the joint effect of predictors is the only way to analyse the underlying 1 5 0 complexity of genetic interactions. In our study, single features performed no better 1 5 1 than random chance in predicting the risk group membership of an individual case. The classifier using the reported interactions between HLA-C2 and KIR AA performed 1 5 3 no better than random chance either. This illustrates how a reduction in haplotype 1 5 4 resolution by dividing HLA-C and KIR genes into two groups (similar and dissimilar), a 1 5 5 strategy that according to some evidence could lead to a relevant predictor of RM at 1 5 6 the population level, might not be sufficient for predicting individual outcomes. Accurately assessing the risk for obstetric complications associated with a given 1 5 8 pair of gametes could improve gamete donor selection. Our classifier has an 1 5 9 adjustable classification threshold value that can be raised or lowered to improve 1 6 0 sensitivity or specificity. A low threshold would increase sensitivity at the expense of 1 6 1 specificity. This scenario is particularly interesting for gamete donor selection, where 1 6 2 sensitivity is undoubtedly more important than specificity. This difference is because 1 6 3 the patient is expected to choose only one or two donors from a catalog whose size 1 6 4 can range from dozens to thousands. With a sensitivity of 86% and a false positive 1 6 5 rate of 57%, even if slightly more than half of the donors proposed as potentially 1 6 6 leading to RM for a specific recipient are false negatives, there is still a 86% 1 6 7 probability that the selected donor(s) will lead to a healthy pregnancy. The above Ultimately, and especially for gamete catalogues with a small number of donors, When more data becomes available, other types of feature selection techniques 1 8 0 or classifiers better suited to large data sets might allow for the discovery of It has been suggested that the immunogenetics field is not sufficiently advanced 1 8 9 to guide clinical interventions for the prevention of negative pregnancy outcomes 17 . 1 9 0
One of the limitations for this is that very large studies are required to find genetic 1 9 1 markers. It has been estimated that in order to detect the risk of reduced birth weight 1 9 2 with 90% power, data from almost 4,000 pregnancies would be required. Although this 1 9 3 estimated volume of data may be true for that particular problem with traditional 1 9 4 statistics. Taking this problem as a classification task significantly reduces the 1 9 5 required number of data needed. Taking the present study as an example, we can use 1 9 6 the binomial distribution to compute the probability of correctly identifying, by chance, 1 9 7 more than 67% of the 95 cases (49 belonging to one class and 46 to the other class). Such probability is as low as 0.13%. This corresponds to a p value of p=0.0013, 1 9 9 consistent with our numeric estimation of the p-value via a permutation test. require an additional p-value correction that incorporates the number of hypothesis; 2 0 6 however, the output of a classifier is a single score that combines all the predictors 2 0 7 into one hypothesis and does not require further corrections. In summary, the feature extraction methods developed here allow us to take 2 1 0 better advantage of the high-resolution data available through current sequencing 2 1 1 technologies. The computed p value suggests that, when taken together, the 2 1 2 proposed measures are indeed markers of RM, and the obtained classifier could 2 1 3 predict RM on a case-by case basis. These results could be further extended to 2 1 4 embryo selection, in combination with current screening techniques. It is unlikely that 2 1 5 a handful of immune genes can completely explain a phenomenon as complex as RM, 2 1 6 and therefore an AUC of 1 might not be realistic. However, larger data collection is contribute to helping couples with difficulty conceiving. were considered for this study. Given the inclusion criteria, the RM group was Genomic DNA was isolated from venous blood using the Invisorb Spin Blood Midi 
